1] We use satellite observations to show that, between 1992 and 2011, the Pine Island Glacier hinge line retreated at a rate of 0.95 AE 0.09 km yr À1 despite a progressive steepening and shoaling of the glacier surface and bedrock slopes, respectively, which ought to impede retreat. The retreat has remained constant because the glacier terminus has thinned at an accelerating rate of 0.53 AE 0.15 m yr À2 , with comparable changes upstream. This acceleration is consistent with an intensification of ocean-driven melting in the cavity beneath the floating section of the glacier. The pattern of hinge-line retreat meanders and is concentrated in isolated regions until ice becomes locally buoyant. Because the glacier-ocean system does not appear to have reached a position of relative stability, the lower limit of sea level projections may be too conservative.
Introduction
[2] The West Antarctic Ice Sheet (WAIS) contains enough ice to raise eustatic sea level by over 3 m [Bamber et al., 2009] , and the Amundsen Sea sector of the WAIS is susceptible to accelerated retreat due the presence of a bedrock topography that lies well below sea level and deepens inland and the absence of buttressing from substantial floating ice shelf barriers [Mercer, 1978] . Satellite observations show that glaciers draining this sector are retreating [Rignot, 1998b] , thinning [Shepherd et al., 2001; Shepherd et al., 2002; Shepherd and Peacock, 2003] , accelerating [Joughin et al., 2003] , and losing mass [Rignot, 2008] . Observations of ice shelf thinning in the face of increased glacier discharge and a numerical simulation of glacier response to external forcing [Payne et al., 2004] suggest that the surrounding ocean is the source of this imbalance. The Pine Island Glacier (PIG) is a major tributary of the WAIS Amundsen Sea sector. Satellite observations of relative tidal motion show that the PIG hinge line retreated by up to 25 km between 1992 and 2009 [Rignot, 1998b; Joughin et al., 2010] . This retreat corresponds to a reduction in ice thickness of around 90 m at the glacier terminus considering the recent geometry [Vaughan et al., 2006] , a value that is consistent with direct observations of thinning acquired by satellite altimetry during the same period [Wingham et al., 2009] .
[3] The potential sea level contribution due to ice mass losses from the Amundsen Sea sector over the 21st century is a source of considerable uncertainty [Meehl et al., 2007] . A hypothetical scaling of glacier discharge rates [Pfeffer et al., 2008] indicates a potential 21st century sea level contribution in the range 4 to 15 cm from the PIG alone [Pfeffer et al., 2008] . However, an extrapolation of the recent PIG volume trend acceleration [Wingham et al., 2009 ] provides a much smaller estimated contribution of around 2 cm by the year 2100-a value that is consistent with the 1.8 cm likely estimate of a basin-scale model of the glacier response to ocean forcing [Joughin et al., 2010] . Moreover, although changes occurring in the vicinity of the PIG grounding line are expected to cause thinning inland for decades to come [Payne et al., 2004; Joughin et al., 2003] , and the presence of an extended region of lightly grounded ice at the glacier terminus has promoted rapid retreat in recent years , the glacier and bedrock geometry farther inland impedes further retreat in numerical simulations-even allowing for an increase in ocean melting [Joughin et al., 2010] . Here we use satellite radar interferometry and satellite radar altimetry to analyze the rate of hinge-line retreat and thinning to establish whether the glacier has reached this anticipated state of relative stability.
Methods
[4] We use interferometric synthetic aperture radar (InSAR) data acquired by the European Remote Sensing (ERS-1 and ERS-2) satellite systems to measure changes in the position of the PIG hinge line over the period 1992-2011 [Gabriel et al., 1989; Goldstein et al., 1993; Rignot, 1998a] . The InSAR data set consists of synthetic aperture radar (SAR) images recorded in 1992, 1996, 1999, 2000, and 2011 during dedicated periods when the satellites orbited in short repeat cycles. The temporal spans (baselines) of the InSAR data are 6 days (1992), 3 days (2011), and 1 day (1996, 1999, and 2000) . In order to locate the glacier hinge line (the limit of tidal flexure), we subtract consecutive interferograms, corrected for the effects of topography. This procedure eliminates the signal of ice flow that is common to each individual interferogram and reveals the relative surface motion due mainly to tidal flexure of the floating glacier tongue. We then mapped the locus of the glacier hinge line at different time periods ( Figure 1 ) by minimizing the departure between the observed tidal flexure and that of a model elastic beam. Based on the degree of data misfit to this model, as well as the tidal phase gradient in the vicinity of the hinge line, we estimate the uncertainty (1 sigma) in hinge-line position to be 0. 13, 0.35, 0.51, and 0.29 km in 1992, 1996, 1999-2000, and 2011, respectively . The origin of these uncertainties lies in high-frequency noise of the InSAR measurement; we do not observe a systematic long-wavelength misfit that could indicate a departure of the observed flexure from the elastic beam model assumption that is commonly used to locate hinge-line positions [Vaughan, 1995; Rignot, 1998a] .
[5] Since 1992, the PIG hinge line has retreated by as much as 28.4 km along the central section of flow ( Figure 1 ). However, the degree of hinge-line migration has varied in space and time-in some places by as little as 9.5 km-and so we computed the average rate of hinge-line retreat within different regions of the grounding zone (Table 1 ). In the first instance, we calculated the rate of hinge-line retreat along three adjacent 5 km wide sections spanning northern (N5), central (C5), and southern (S5) portions of the glacier trunk ( Figure 1 ) to provide a detailed picture of how the migration has occurred over time. We also calculated the rate of hinge-line retreat along a 10 km wide central section (C10, Figure 1 ) of the glacier to facilitate a comparison with satellite altimeter observations aggregated over a similar area [Shepherd and Peacock, 2003] . The average rate of hinge-line retreat is computed as the reduction in grounded area between successive hinge-line positions, divided by the section width perpendicular to the direction of ice flow. On average, an area of 14.2 AE 1.3 km 2 has become ungrounded each year (Figure 2a ).
[6] The PIG hinge-line position migrates due to changes in ice thickness because it rests close to a state of hydrostatic balance [Thomas and Bentley, 1978; Rignot, 1998b] . We used this relationship to calculate the rate of ice thinning associated with hinge-line retreat from the InSAR data set. The change in ice thickness over an intervening time period _ h h (positive for thickening) is given by
where z is the change in ocean tide, _ x (positive for retreat) is the change in hinge-line position, r w is the density of . Rapid hinge-line retreat has occurred beyond the margins of the glacier in the vicinity of boxes A and C in recent years, despite little apparent change in the glacier surface geometry, suggesting that increased ocean melting has occurred in these regions. Rapid hinge-line retreat in the vicinity of box B has occurred, despite the apparent position of stability in 2009, due to a combination of factors; a narrow channel of lightly grounded ice has favored retreat in a northwest direction in tandem with an evolution of the ice surface slope, which has also promoted retreat. seawater = 1027.5 kg m À3 [Jacobs et al., 1996] , r i is the density of ice = 900 kg m À3 [Jenkins et al., 1997] , and a and b are the slopes of the ice surface and base, respectively. The local balance between surface and basal slopes governs the rate of hinge-line migration for a given change in ice thickness. Repeat observations of ice surface elevation [e.g. Wingham et al., 2009] suggest that the surface slope in the vicinity of the PIG hinge line has altered considerably over time. To account for this variation, we estimate a averaged between the locations of successive hinge-line positions using a sequence of glacier surface slopes generated from satellite and airborne data [Bamber and Bindschadler, 1997; DiMarzio et al., 2007; Krabill, 2011] , and we estimate b using a model of the bedrock elevation [Vaughan et al., 2006] . In the absence of direct observations, we use a model of Antarctic ocean tide (an updated version of the regional inverse model described by Padman et al. [2002] ) to assess the fluctuation in grounding line position due to tidal displacement. However, because tide models tend to perform least well when predicting tidal phase [Shepherd and Peacock, 2003] , we estimate the uncertainty associated with z using the maximum modeled tidal range in the vicinity of the PIG (1.8 m) following a conservative approach [Rignot, 1998a] and by taking account of variability in the basal slope [Bindschadler et al., 2011] . Using these assumptions, we determined the rates of ice thickness change in the vicinity of the PIG grounding line over the survey period ( Figure 2b ) associated with the observed hinge-line retreat.
[7] We obtained additional estimates of ice thickness changes inland of the PIG hinge line from repeat-pass satellite radar altimeter data. For this exercise, we processed a continuous record of data acquired by the ERS-1, ERS-2, and ENVISAT satellite radar altimeters between 1994 and 2010. Time series of surface elevation change were developed at crossing points of the satellites' ground tracks falling within the PIG drainage basin during 35 day orbit repeat mission phases, using the method of dual-cycle crossovers [Zwally et al., 1989] . Elevation measurements were corrected for the lag of the leading edge tracker, surface scattering variation, dry atmospheric mass, water vapour, the ionosphere, solid Earth tide, and ocean loading tide [Wingham et al., 1998; Shepherd et al., 2001; Wingham et al., 2009] . To cross-calibrate the observations recorded by successive satellites, we corrected for the differences between the average elevation changes occurring during periods of mission overlap. At each crossing point, we formed a time series of elevation change, and these data were then aggregated into 10 km Â 10 km grid cells to accommodate temporal variations in the location of satellite orbits [Shepherd and Peacock, 2003] . For each grid cell, we computed the average rate of elevation change during discrete time periods (e.g., Figure 3 ), and we estimated the error associated with each time series according to the variance of the data.
Results
[8] Although rates of hinge-line retreat have been high near to the center of the PIG, they diminish rapidly toward the glacier margins. Between 1992 and 2010, the spatially averaged rate of hinge-line retreat within the central 15 km of the glacier (C15, Figure 1 ) has remained broadly constant at 0.95 AE 0.09 km yr À1 (Table 1) . However, there have been also considerable temporal variations in the hinge-line retreat [2009] [2010] [2011] . These irregular patterns can be explained in part by the limiting influence of the glacier geometry. For a constant rate of ice thinning, for example, the degree of hinge-line retreat is dependent upon the surface and bedrock slopes which vary in space and, in the case of the ice surface, over time.
[9] The PIG bedrock and surface slopes shoal and steepen inland of the 1992 hinge-line position, respectively (Figure 3a) , and this geometry tends to impede retreat [see equation (1)]. As a consequence, the near-constant rate of hinge-line retreat during our survey must reflect an accelerated rate of ice thinning (Figure 2b) . Within the central 10 km of the PIG, the rate of ice thinning associated with hinge-line retreat has progressively increased from 2.1 AE 0.7 m yr À1 between 1992 and 1996 to 11.6 AE 1.1 m yr À1 between 2009 and 2011. According to the InSAR data, the average rate of ice thinning at the PIG hinge line has accelerated by 0.53 AE 0.15 m yr À2 over the 19 year survey period.
[10] We compared rates of hinge-line ice thinning determined from the InSAR data set with those determined farther inland using satellite radar altimetry. According to the altimeter data set, ice thinning is observed to start around 200-250 km inland and increase sharply toward the PIG hinge line (Figure 3) . To facilitate a more detailed comparison, we estimated rates of ice thinning during successive time periods when the respective data sets were coincident (1992-1998, 1998-2003, and 2000-2010) . These periods were selected to optimize the degree of temporal overlap, the duration of the altimeter data, and the provenance of the altimeter data in relation to the three satellite platforms. Rates of ice thinning determined from InSAR along the central 10 km of the PIG are consistent with those determined from altimetry (Figure 3) , illustrating that the independent techniques are complementary. Along a streamwise profile of the PIG, temporally averaged thinning rates are greater at the hinge line (as determined by InSAR) by a proportion that is consistent with the rate of increase farther inland (as determined by altimetry). Given their complementary nature, the InSAR data may prove useful in determining ice volume changes in regions that are beyond the locus of the altimeter measurements.
Discussion
[11] The rate of hinge-line retreat we have recorded may be compared with that determined during the overlapping periods of previous surveys [Rignot, 1998b [Rignot, , 2002 Joughin et al., 2010] . For example, average retreat rates of 0.64 and 0.55 km yr À1 have been estimated across a 14 km wide center profile [Rignot, 1998b] during the periods 1992-1996 and 1996-2000, respectively , as compared to our estimated retreat rates of 0.63 AE 0.23 and 0.92 AE 0.23 km yr À1 across a partially overlapping 15 km wide profile. The hinge-line position we have recorded in the year 2000 is, however, considerably less regular than that of a previous survey [Rignot, 2002] , showing greater retreat to the south of the glacier centerline. When compared to the 2009 hinge-line position located using the technique of radar speckle tracking [Joughin et al., 2010] , which has coarse resolution, the 2011 location is between 2 and 5 km farther inland-more than double the average rate of retreat since 1992 (Table 1 ). The hinge-line positions are irregularly shaped, and retreat within the central portion of the glacier has been asymmetrical at all times. Rapid migration tends to occur along relatively confined sections of the hinge line. Prior to 2009, for example, steep surface slopes to the north of the PIG hinge line presented an obstacle to retreat in that sector (Figure 1 ). Since then, the hinge line has retreated across a submarine bedrock ridge (see Figure 3b ), and the principal trajectory of retreat has been northward and inland, eroding a grounded promontory that was present in 2009.
[12] Accelerated thinning and retreat of ice at the Pine Island Glacier grounding line has occurred in the face of well-documented increases in the rate of glacier discharge [Rignot, 2008] , which should thicken the floating section through advection. Although additional grounding line retreat may result from creep thinning associated with altered ice stream dynamics [Thomas et al., 2011] , our observations of accelerated thinning are consistent with measurements of changing oceanographic conditions at the glacier terminus over the period 1994-2009 [Jacobs et al., 2011] . These oceanographic data reveal strengthening circulation in an enlarged sub-ice shelf cavity, leading to faster ice melting. The emergence of an enlarged ocean cavity has resulted in part from retreat of the glacier across a submarine bank upon which it was formerly grounded [Jenkins et al., 2010] , allowing relatively warm (~4 C above freezing) seawater to access the glacier grounding line.
[13] The shoaling of the PIG in the vicinity of the 2011 hinge line does not favor retreat, and further retreat is at odds with simulations of the glacier evolution under conditions of increased ocean melting [Joughin et al., 2010] . However, the PIG geometry has impeded retreat at other times during our survey, and yet the retreat has progressed over time. Moreover, recent simulations of the PIG evolution that utilizes an adaptive-resolution domain [Gladstone et al., 2012; Cornford et al., 2013] have suggested that the grounding line may be able to retreat much farther inland should ocean melting persist. It is also possible that ocean melting has exceeded that imposed during existing simulations. The progressive retreat of the PIG hinge line has occurred presumably as a result of changes in both the rate of ocean melting and the glacier surface slope, the latter occurring as a dynamical response to reduced grounding [Joughin et al., 2003; Payne et al., 2004] . Although a substantial bedrock peak occurs around 25 km inland of the present hinge-line position (Figure 3d ), this feature does not straddle the entire glacier width [Vaughan et al., 2006] , and relief to the south side of the glacier, in particular, slopes gently. However, although the hinge line has retreated since 2009, analysis of glacier velocities reveals that the glacier speed has yet to increase (I. Joughin, personal communication), which suggests that further dynamical imbalance has yet to occur.
Conclusions
[14] Even though the Pine Island Glacier hinge line has now migrated into the bedrock trough within which the main trunk of the glacier is seated, where basal slopes shoal and impede retreat, it is now retreating at a faster mean rate (1.8 AE 0.9 km yr À1 ) than at any time since it has been first located (Table 1) . This observation may have important implications for projections of future mass losses from the glacier [Rignot et al., 2011] and the associated global sea level contribution. The wide range of current sea level projections (2-14 cm by the year 2100) is bounded, at the lower end, by the results of a coupled ice-ocean interaction model of the glacier response to modest ocean forcing [Joughin et al., 2010] and, at the upper end, by the results of a hypothetical assessment of ice mass losses under a heuristic scaling of the present-day imbalance [Pfeffer et al., 2008] . Our observations of accelerated thinning and ongoing rapid hinge-line retreat, coupled with the observed strengthening of ocean melting within the sub-ice shelf cavity [Jacobs et al., 2011] , suggest that the lower limit may be found on a conservative forcing scenario. An accurate projection of the glacier response to climate forcing will need to capture details of how the ocean circulates within the sub-ice shelf cavity and how it interacts with the ice shelf base.
